Introduction
Cdc28 activation. The decrease in Sic1 levels depends on the E2 Cdc34, implying that ubiquitination triggers Protein degradation is a commonly employed mechaSic1 destruction (Schwob et al., 1994) . Sic1 destruction nism for the control of protein abundance. It is a particualso requires CLN and CDC28 function, and elimination larly effective method for promoting unidirectional cell of Sic1 is the primary role for Cln/Cdc28 activity in cycle transitions because of its rapidity and irreversibil-S-phase entry (Schneider et al., 1996 ; Schwob et al., ity. Three major transitions, entry into S phase, separa-1994; Tyers, 1996) . Although Sic1 is a phosphoprotein tion of sister chromatids, and exit from mitosis, require (Schneider et al., 1996) , it is not known whether Cln/ the degradation of specific proteins via the ubiquitinCdc28 complexes directly phosphorylate Sic1 or whether 26S proteasome pathway (reviewed in King et al., 1996) . phosphorylation plays another, perhaps indirect, role in The formation of ubiquitin-protein conjugates involves Sic1 destruction. three components that participate in a cascade of ubiThree other genes, SKP1, CDC53, and CDC4, are requitin transfer reactions: a ubiquitin activating enzyme quired for S-phase entry (Schwob et al., 1994; Bai et al., 1996) . These genes, together with CDC34, show a (E1), a ubiquitin conjugating enzyme (E2), and a specificpattern of suppression and enhancement consistent ity factor (E3) (Hershko et al., 1983) . Ubiquitin is activated with roles in a common process and conditional alleles as a thiol-ester on E1 in an ATP-dependent reaction, of these genes cause arrest with unreplicated DNA and transferred to an E2 as a thiol ester, and ultimately conjumultiple buds (Yochem and Byers, 1987; Goebl et al., gated to the target protein in conjunction with an E3, 1988; Bai et al., 1996; Mathias et al., 1996) . Sic1 accumuwhich functions in substrate recognition and in some lates in cdc34-1, cdc4-1, or skp1-11 mutants and deletion of SIC1 allows such mutants to undergo DNA synthesis (Bai et al., 1996; Schwob et al., 1994) . Components
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of the Cdc34 pathway have also been implicated in the destruction of a number of other important regulatory proteins, including yeast G1 cyclins (Deshaies et al., 1995; Yaglom et al., 1995; Bai et al., 1996; Willems et al., 1996) , Cdc6 (Piatti et al., 1996) , the CKIs Rum1 and Far1 (McKinney et al., 1993; Henchoz et al., 1997; Kominami and Toda, 1997) , and the transcription factor Gcn4 (Kornitzer et al., 1994) . Thus, Cdc34, Cdc53, Skp1, and Cdc4 may be utilized for the destruction of diverse regulatory proteins. A requirement for Cdc34 for Cln2 ubiquitination has been demonstrated in crude yeast extracts (Deshaies et al., 1995) , but this requirement has been suggested to be indirect (Blondel and Mann, 1996) . Interestingly, SKP1 is also required for the G2/M transition (Bai et al., 1996; Connelly and Hieter, 1996) and has been found to be a component of the kinetochore complex CBF3 (Connelly and Hieter, 1996; Stemmann and Lechner, 1996) . The function of Skp1 in the kinetochore is unknown. Skp1 binds the F-box motif in Cdc4 (Bai et al., 1996) . Cdc53, Skp1, and Cdc4 F boxes are found in many Skp1-interacting proteins (A and B) Formation of a Cdc53/Cdc4 complex is enhanced by Skp1. Whole cell lysates were derived from 4 ϫ 10 5 insect cells infected including cyclin F (Bai et al., 1994) and Grr1 (Bai et al., 1996) . GRR1 was initially identified Cdc53 M , anti-Cdc4, anti-Cdc34, and anti-Skp1.
as a gene required for glucose repression (Flick and (C) Skp1 and Cdc34 can associate with Cdc53 simultaneously. GstSkp1 complexes were purified from insect cells infected with the Johnston, 1991) but was later found to be involved in indicated baculoviruses using GSH-Sepharose prior to SDS-PAGE Cln destruction (Barral et al., 1995) . The fact that Skp1
and immunoblotting with anti-Cdc34 antibodies.
is required for the destruction of both Sic1 and Cln2 while Cdc4 and Grr1 had only been implicated in the destruction of one of these led us to propose the model Cdc34 interaction (Mathias et al., 1996; Willems et al., in which F-box proteins recognize ubiquitination targets 1996) , led us to examine whether Cdc53 and Skp1 interand that Skp1 links these F-box/target complexes to act and whether Skp1 may facilitate interaction of Cdc53 the ubiquitination machinery (Bai et al., 1996) . with Cdc4 and/or Cdc34. In this study, we explored the role of Skp1 and F-box Insect cells were coinfected with various combinaproteins in ubiquitination through in vitro reconstruction tions of baculoviruses expressing Myc-tagged Cdc53 of the Sic1 ubiquitination pathway. Sic1 ubiquitination (Cdc53 M ), Cdc34, Cdc4, and Skp1, and anti-Myc immune requires all of the components implicated by genetic complexes from the indicated lysates were immunoblotanalysis. Skp1 functions to recruit Cdc4 into a Cdc53/ ted for associated proteins ( Figure 1A ). In the presence Cdc34 complex and enhances recognition of Sic1 by of all four proteins, anti-Cdc53 M complexes contain Cdc4, the later interaction requiring Sic1 phosphorylaCdc4, Cdc34, and Skp1 ( Figure 1A , lane 5). However, in tion. In contrast, Grr1 does not interact with Sic1 but the absence of Skp1, only low levels of Cdc4 bound does recruit phosphorylated Cln1 and Cln2 into Skp1/ Cdc53 M , regardless of the presence of Cdc34 ( Figure  Cdc53 complexes. Our results indicate that F-box pro-1A, lanes 7 and 8). This result was confirmed through the teins function as receptors that recruit substrates into analysis of Cdc53 M association with anti-Cdc4 F immune a Skp1/Cdc53/Cdc34 complex for ubiquitination. complexes ( Figure 1B ). Thus, Skp1 facilitates association of Cdc53 with Cdc4. In contrast, both Skp1 and Cdc34 can simultaneously associate with Cdc53 M in the Results absence of other yeast proteins ( Figures 1A and 1C) . Taken together, these data indicate that Cdc34, Cdc53,
Assembly of a Complex Containing
Skp1, and Cdc4 form a multiprotein complex. Cdc53/Skp1/Cdc4 and the E2 Cdc34 Cdc34, Cdc53, Skp1, and Cdc4 have been genetically implicated in control of Sic1 destruction, although the Phosphorylation of Sic1 by Cln/Cdc28 Is Required for Its Recognition by a functions of these proteins in this process are not known. We previously showed that SKP1 and CDC4 Cdc53/Skp1/Cdc4 Complex Previous studies have implicated Cln/Cdc28 kinase acshow reciprocal overproduction suppression of their respective temperature-sensitive mutants and that their tivity in Sic1 degradation (Schwob et al., 1994; Schneider et al., 1996; Tyers, 1996) . However, it was not clear: encoded proteins physically interact (Bai et al., 1996) . A further search for suppressors using a GAL-driven (1) whether Sic1 was directly phosphorylated by Cln/ Cdc28, (2) whether this phosphorylation was correlative cDNA library revealed that CDC53 overexpression suppresses skp1-11 (data not shown). These findings, couor causative for subsequent Sic1 degradation, (3) if causative, whether this modification played a role in pled with genetic and physical evidence of a Cdc53/ Sic1 recognition by the ubiquitination machinery, and (4) whether Cln/Cdc28 might also regulate the activity of the ubiquitination machinery directly. To address these questions, we purified Cln1/Gst-Cdc28 and Sic1/Clb5/ Gst-Cdc28 complexes from insect cells (Figures 2A and  2B ). In principle, Sic1/Clb/Cdc28 complexes should represent the primary form of Sic1 ubiquitinated in vivo. To circumvent Sic1 phosphorylation by excess Clb5/ Cdc28, we used a kinase-impaired Cdc28(KϪ) (D154N). Sic1 in such complexes remains essentially unphosphorylated unless treated with Cln1/Cdc28 ( Figure 2B ). In vitro phosphorylation of Sic1 reduced its electrophoretic mobility as has been observed in vivo (Schwob et al., 1994) .
Phosphorylated and unphosphorylated Sic1 were used in binding reactions with anti-Cdc53 M immune complexes assembled and purified from insect cells ( Figure  2C ). Phosphorylated Sic1 efficiently associates with Cdc53/Skp1/Cdc4 complexes, and this association depends upon the presence of Skp1 ( Figure 2C , lanes 6 and 8). This suggest that Cdc4 and/or Skp1 function as binding factors for Sic1. Typically 10%-20% of the input phosphorylated Sic1 was bound at about 20 nM Sic1. In contrast, the extent of binding of unphosphorylated Sic1 (Ͻ1%, lane 7) was comparable to that observed in control immune complexes generated from uninfected cells (lane 3). Thus, association of Sic1 with the Cdc53/ Skp1/Cdc4 complex requires phosphorylation by Cln1/ Cdc28.
Cdc4 Is the Specificity Factor for Recognition of Phosphorylated Sic1
To directly examine the roles of Skp1 and Cdc4 in Sic1 recognition, binding experiments were performed using a series of complexes assembled in vivo that contained constant high levels of Flag-tagged Skp1 (Skp1 F ) and increasing quantities of Cdc4. Association of phosphorylated Sic1 with anti-Skp1 F immune complexes was absolutely dependent upon the presence of Cdc4 ( Figure  2E , compare lanes 3 and 9). Moreover, deleting the last three WD-40 repeats from the C terminus of Cdc4 (Cdc4⌬WD) abolished its ability to bind phosphorylated Sic1 ( Figure 2E , lanes 10-16). Therefore, Cdc4 functions as the specificity factor for binding of phosphorylated Sic1, and the Cdc4/Sic1 interaction requires an intact is it clear whether the weak association of Sic1 with ATP (lanes 1) or 50 nM Cln1/Cdc28 and 500 M ATP (lane 2), resulting in reduced electrophoretic mobility for Sic1. In lanes 4 and 5, smaller amounts of Sic1 phosphorylation reactions performed in the presence of ␥-32 P-ATP were separated by SDS-PAGE prior to constant high quantities of Cdc4 F virus (lanes 3-9) and increasing autoradiography. Lane 3 shows the reaction products obtained quantities of Skp1 virus (lanes 4-10) were used in binding assays when Cln1/Cdc28 complexes alone were incubated with ␥-32 P-ATP.
with Cln1/Cdc28-phosphorylated Sic1. Bound proteins were sepa-(C) Phosphorylation of Sic1 is required for its association with rated by SDS-PAGE and immunoblots probed with the indicated Cdc34/Cdc53/Skp1/Cdc4 complexes. Anti-Cdc53 M immune comantibodies. plexes derived from insect cells infected with the indicated baculovi-(E) Association of phosphorylated Sic1 with Skp1 requires the WDruses were used in a binding assay with Cln1/Cdc28-phosphory-40 repeats of Cdc4. Insect cells were coinfected with constant quanlated or unphosphorylated Sic1/Clb5/Cdc28 and bound Sic1 tities of Skp1 F virus and increasing quantities of Cdc4 (lanes 4-9) detected by immunoblotting with anti-Sic1 antibodies.
or Cdc4⌬WD M /Skp1/Cdc4 (lanes 5-10) and supplemented with ATP, ubiquitin (lanes 1-10), human E1 (lanes 1-10), Cdc34 purified from E. coli (lanes 1, 2, 4, 6, 8, and 10), and either unphosphorylated (lanes 1, 9, and 10) or phosphorylated Sic1/Clb5/Cdc28 (lanes 2-6). After 60 min at 25ЊC, proteins were separated by SDS-PAGE and immunoblotted using anti-Sic1 antibodies. (C) Anti-Skp1 F immune complexes were generated from insect cells infected with either Skp1 M /Cdc4 complexes as in (B), except that yeast E1 replaced human E1. (E) Clb5/Cdc28-phosphorylated Sic1 is a substrate for ubiquitination by Cdc34. Sic1 was treated with increasing Clb5/Cdc28 until the kinase was in excess as determined by histone kinase assays (data not shown). Under these conditions, Sic1 electrophoretic mobility is reduced (lanes 1-6, top) . Aliquots of differentially phosphorylated Sic1 were used in ubiquitination reactions as in (D) (lanes 1-6). As a negative control, partially phosphorylated Sic1 corresponding to the Sic1 protein in lane 5 (top) was reacted in the absence of Cdc34 (lane 7) or the Cdc53 M / Cdc4/Skp1 complex (lane 8).
Cdc4 alone ( Figure 2D , lane 3) reflects participation of prior to use in ubiquitination reactions ( Figure 3D , lane 3). Sic1 phosphorylated in this manner was efficiently an insect cell Skp1 homolog. Nevertheless, our results clearly demonstrate a positive contribution of Skp1 in ubiquitinated ( Figure 3D , lane 9), indicating that Sic1 phosphorylation constitutes the primary requirement of the Cdc4/Sic1 interaction.
Cln/Cdc28 kinases in Sic1 ubiquitination in the in vitro reaction.
Sic1 Is Ubiquitinated In Vivo
Although Sic1 is an inhibitor of Cdc28/Clb5 comWhile our finding that Cdc4, Skp1, and Cdc53 form plexes, when the kinase complex was in excess, it is a complex that binds both phosphorylated Sic1 and capable of phosphorylating Sic1 ( Figure 3E ) and conCdc34 is consistent with a role for ubiquitination in the verting it into a substrate for ubiquitination ( Figure 3E (Willems et al., ubiquitination process. 1996) . The K48R mutation in Ub RA blocks polyubiquitin chain formation and proteasome recognition (Chau et al., 1989) . A ladder of bands recognizable by anti-Sic1 F-Box Proteins Are Receptors for Specific Ubiquitination Substrates antibodies was detected in ubiquitin conjugates from wild-type lysates containing His 6 -Ub RA ( Figure 3A , lane Our results are consistent with the hypothesis that F-box proteins can function in the recognition of ubiquitination 8) but not in conjugates derived from Ub RA -expressing cells or a sic1 deletion strain ( Figure 3A , lanes 5 and 6).
targets. To explore the selectivity of F-box proteins, we tested whether substitution of Cdc4 by another F-box Thus, Sic1 is ubiquitinated in vivo.
protein Grr1 could support Sic1 binding and ubiquitination. Gene10-tagged Grr1 (Grr1 G10 ) can interact simultaReconstitution of the Sic1 Ubiquitination Pathway neously with Skp1 and Cdc53 when coexpressed in inUsing Recombinant Proteins sect cells ( Figure 4A ) and Cdc53/Skp1 interacts with We examined whether Cdc53/Skp1/Cdc4 complexes Grr1 and Cdc4 in a mutually exclusive manner (data can catalyze ubiquitination of Sic1 when supplemented not shown). Unlike Cdc4, the Grr1/Cdc53 interaction in with Cdc34, E1, ATP, and ubiquitin. In the presence of insect cells was not enhanced by coexpression of Skp1 all reaction components, phosphorylated Sic1 in comalthough Skp1 assembled with these complexes (data plexes with Clb5/Cdc28 was efficiently converted to not shown). Importantly, Cdc53/Skp1/Grr1 complexes higher molecular weight conjugates detectable with were unable to associate with phosphorylated Sic1 and anti-Sic1 antibodies ( Figure 3B , lane 6; Figure 3C , lane did not support ubiquitination of phosphorylated Sic1 5). Unphosphorylated Sic1 was not detectably ubiquiticomplexes ( Figures 4B and 4C ). Therefore, F-box pronated. Sic1 ubiquitination absolutely required Cdc34, teins can display selectivity toward particular targets. Cdc4, Cdc53, E1, and ubiquitin ( Figures 3B and 3C) , as well as yeast Skp1 (data not shown). When Gst-Ub RA was used, the reaction products formed over time were Grr1 Binds Cln1 and Cln2 in a Phosphorylation-Dependent Manner integrated into a ladder of bands differing by ‫53ف‬ kDa, the size of Gst-Ub RA ( Figure 3C , lane 11), indicating that The observation that Cdc4 recognizes Sic1, together with the genetic requirement for Grr1 in Cln destruction, the higher molecular weight forms of Sic1 are due to its ubiquitination. Since Gst-Ub RA poorly forms polyubiquisuggested that Grr1 might function in Cln recognition. In addition, since mutation of potential Cdc28 phostin chains, the number of bands observed likely reflects the number of individual lysines ubiquitinated on a single phorylation sites in the PEST domain in Cln2 increase its stability in vivo and only phosSic1 molecule. The association of Sic1 with Clb5/Cdc28 complexes was not required for its ubiquitination ( Figure  phorylated Cln2 associates with Cdc53 in vivo (Willems et al., 1996) , it seemed likely that binding would require 3D). Sic1 purified from bacteria and phosphorylated by Cln2/Cdc28 was also efficiently ubiquitinated, with Cln phosphorylation. Therefore, we examined whether Grr1 could bind phosphorylated Clns. Cln1/Gst-Cdc28 greater than 90% of the Sic1 forming ubiquitin conjugates (lane 8) while unphosphorylated Sic1 was not ubiand Cln2/Gst-Cdc28 complexes were isolated from insect cells and autophosphorylated by incubation with quitinated (lane 4). We also found that greater than 50% of the Sic1-ubiquitin conjugates formed after 60 min had [␥-32 P]-ATP. This modification reduces their electrophoretic mobility (see below). These 32 P-labeled Cln comdissociated from the Cdc4/Skp1/Cdc53 complex (data not shown). In these reactions, neither Gst-Cdc28, Clb5, plexes were then used in binding reactions with purified Skp1 F /Grr1 and Skp1 F /Cdc4 complexes containing comCdc53, Skp1, or Cdc4 were ubiquitinated, although Cdc34 was ubiquitinated on lysine (data not shown).
parable amounts of Grr1 and Cdc4 ( Figure 5B and data not shown). Both Cln1 and Cln2 efficiently associated Although phosphorylation of Sic1 was required for its recognition by Cdc4 and Skp1, it remained possible that with Skp1 F /Grr1 complexes ( Figure 5A , lanes 8 and 12) in the presence or absence of Cdc53 (lane 16). In conactive Cln/Cdc28 was also required for additional steps in the ubiquitination process. To perform the ubiquitinatrast, Cln proteins associated more weakly with Cdc4/ Skp1 F complexes (lanes 7, 11, and 15), although the tion in the absence of Cln kinase, bacterial Sic1 was phosphorylated with Cln2/Gst-Cdc28 immobilized on extent of binding was higher than in the absence of Cdc4 (lanes 6, 10, and 14). In contrast, Sic1 exclusively GSH-Sepharose beads and removed from the beads Skp1 or Skp1/Cdc53 was immunoprecipitated from insect cell lysates and used in binding assays with phosphorylated or unphosphorylated Cln1 complexes (Figure 5C ). Unphosphorylated Cln1 was produced in insect cells as a complex with kinase-deficient Gst-Cdc28(KϪ), which minimized Cln1 autophosphorylation during expression and allowed the role of phosphorylation to be tested. Unphosphorylated Cln1 migrates at ‫66ف‬ kDa ( Figure 5C, lane 1) , while phosphorylated Cln1 (lane 2) migrates at 80 kDa. Both forms are observed in vivo . Phosphorylated Cln1 (and its associated Cdc28 protein) efficiently associated with all Grr1 complexes ( Figure 5C , lanes 6, 8, and 10) but was absent from reactions lacking Grr1 ( Figure 5C, lane 4) . In contrast, the amount of unphosphorylated Cln1 associated with Grr1 was comparable to that observed in binding reactions lacking Grr1 ( Figure 5C , lanes 3, 5, 7, and 9). Thus, association of Cln1 with Grr1 is greatly enhanced by phosphorylation. Although the Grr1/Skp1/Cdc53 complex is capable of binding efficiently to phosphorylated Cln1, it was not competent for Cln1 ubiquitination when supplemented with Cdc34 and E1 ( Figure 5D ). Moreover, Cdc4 complexes that function in Sic1 ubiquitination also failed to catalyze ubiquitination of Cln1 ( Figure 5D ), despite the fact that Cln1 can associate, albeit weakly, with Cdc4 ( Figure 5A ). Identical preparations of phosphorylated Cln1 protein were efficiently ubiquitinated in partially purified yeast lysates in a Cdc34-dependent manner ( Figure 5E and data not shown), indicating that this preparation of Cln1 is competent for ubiquitination. The absence of Cln1 ubiquitination in the purified system is therefore likely to reflect the requirement of additional factors or modifications.
Discussion
In this study, we have demonstrated that Sic1 is ubiquitinated in vivo and have reconstituted the pathway for Sic1 ubiquitination in vitro using recombinant proteins.
Substitute for Cdc4 in Recognition and Ubiquitination of Sic1
This has allowed us to establish the following: (1) Skp1, (A) Grr1 can associate with Skp1 and Cdc53. Grr1 complexes were Cdc53, and Cdc4 form a functional E3 ubiquitin ligase immunoprecipitated from insect cell lysates using anti-G10 antibodcomplex that works together with the E2 Cdc34 to ubiies. Proteins were separated by SDS-PAGE and immunoblotted with quitinate Sic1; (2) Cdc4 acts as a receptor for phosphor- To examine whether Cln1/Grr1 association was phosthe precise roles of individual components of this complex are not fully understood, some general conclusions phorylation-dependent, Grr1 alone or in complexes with can be drawn. Cdc53 can simultaneously bind the E2 Cdc34 and Skp1, and functions as an adapter linking the recognition component (Skp1/F-box protein complex) to E2s (Figure 1 ). In turn, Skp1 has the ability to link Cdc4 to Cdc53. Cdc4 binds both Skp1 and the ubiquitination substrate Sic1. The interaction of Cdc4 with Skp1 involves the F-box located in the N terminus of Cdc4 (Bai et al., 1996) , while the interaction with Sic1 involves Cdc4's C-terminal WD-40 repeats (Figure 2) . Skp1 is involved in substrate recognition because it enhances the association of Cdc4 with phosphorylated Sic1. It remains to be determined whether substrates also contact Skp1 or whether Skp1 functions in recognition by stabilizing the appropriate conformation of Cdc4. In any event, Cdc4 acts as a receptor that together with Skp1 recruits substrates to the ubiquitination complex. In principle, any of these proteins could also have carrier roles in the transfer of ubiquitin like E6AP (Scheffner et al., 1995) However, we have found that mutation of the only conserved cysteine in Skp1 (P. Sen and S. J. E., unpublished data) or all 6 cysteines in Cdc53 (K. L. C. and M. T., unpublished data) did not impair complementation of skp1 or cdc53 null mutations, respectively, indicating that these two proteins are unlikely to transfer ubiquitin by a thio-ester intermediate.
F-Box Proteins as Receptors for Ubiquitination Targets
A large number of proteins contain the F-box and are thereby implicated in the ubiquitin pathway (Bai et al., 1996) . Our analysis of Cdc4 and Grr1 has revealed that F-box proteins directly contact ubiquitination substrates and can display selectivity in recognition of potential targets for ubiquitination, as would be expected of E3 proteins. Although Cdc53 was isolated as a Cln2-interacting protein (Willems et al., 1996) , it is probable that this original interaction was bridged by Grr1 and possibly Cdc4. The Grr1/Cln interaction is interesting in view for destruction of Cln proteins (Barral and Mann, 1995;  (A) Differential recognition of Sic1 and Cln proteins by Grr1 and Bai et al., 1996; Willems et al., 1996) , and suggests that that Cln ubiquitination may be more complex than is (C) Cln1 phosphorylation is required for its association with Grr1.
Sic1 ubiquitination.
Anti-Grr1 G10 complexes (lanes 4-11) were used in binding reactions with either unphosphorylated Cln1 HA complexes generated using Individual F-box proteins are likely to recognize multi- insect cells in complexes with active Cdc28 migrates as a series of modified forms reflecting partial phosphorylation of Cln1 (see Figure  2A) . Incubation of Cln HA /Cdc28 HA with ATP shifts Cln1 HA to a single form migrating ‫48ف‬ kDa. The blot was reprobed to verify the presence of Grr1 G10 , Cdc53 M , and Skp1 F .
(E) Phosphorylated Cln1 is ubiquitinated in a fractionated yeast ex-(D) Skp1/Cdc53/Grr1 complexes are not sufficient for Cln1 ubiquititract system. YFII (0-100 mg) was supplemented with Cdc34, human nation by Cdc34 in vitro. Anti-Skp1 F immune complexes were puri-E1, ubiquitin, and an ATP-regenerating system, and the ubiquitinafied from insect cells infected with the indicated viruses and ubiquitition reaction initiated by Cln1 HA addition. After 60 min at 25ЊC, pronation reactions performed as in Figure 3C , except that 32 P-labeled teins were immunoblotted with anti-HA antibodies to detect Cln1 HA Cln1 or Sic1 was used. After 60 min at 25ЊC, proteins were separated and Gst-Cdc28
HA . The protein in YFII indicated by an asterisk crossby SDS-PAGE and detected by autoradiography.
reacts with anti-HA antibodies. (Piatti et al., 1996) , indicating that it too has multiple Is the Skp1 Pathway the PEST Sequence Proteolysis Pathway? targets. Of potential importance is the fact that all of the targets of F-box protein-mediated destruction iden-A large number of proteins contain PEST sequences, and in a subset of these, PEST sequences have been tified to date are central regulators of key events in the cell, including DNA replication, cell cycle progression, shown to be phosphorylated and to mediate instability. While the SCF Cdc4 complex we have defined is unlikely and nutritional sensing.
to be responsible for recognition of all PEST-dependent proteolysis substrates, it is likely to be the prototype for Phosphorylation Directly Regulates Association a diverse set of SCFs in higher eukaryotes whose targets of Sic1 and Cln Proteins with E3s will likely include many PEST-containing proteins. Five A central feature in the recognition of Sic1 and Cln by CDC53 homologs have been identified in mammals F-box proteins is the phosphorylation dependence. Cln2 (Cul1-5) (Kipreos et al., 1996) , approximately 15 E2-related phosphorylation is required for its instability and associgenes exist in S. cerevisiae alone, several dozen F-box ation with Cdc53 complexes in vivo  containing proteins have been identified in several spe- Willems et al., 1996) . While the identity of the kinase cies (Bai et al., 1996 and data not shown), and multiple regulating Cln phosphorylation and E3 recognition in SKP1-related genes exist in C. elegans and are likely to vivo is unknown, we have shown that autophosphorylaexist in mammals as well. The number of complexes tion is sufficient to target Clns to Grr1 in vitro. If Cln formed by combinatorial interactions of family members ubiquitination is activated by autophosphorylation in could provide the flexibility to differentially regulate the trans, the accumulation of active Cln/Cdc28 complexes ubiquitination of a very large number of substrates. may be required to achieve sufficient Cln phosphorylation to promote its destruction. This logic provides a Conserved Features of the SCF with Other built-in delay between Cln activation and Cln destruction Regulatory Pathways and allows time for other Cln substrates such as Sic1
Recent data indicate that the Skp1/F-box paradigm may to be phosphorylated prior to Cln destruction. Sic1 phoshave parallels in other settings. Elongin C, a Skp1-phorylation allows binding to Cdc4/Skp1 complexes; related protein (Bai et al., 1996) , is part of a complex however, it is not clear at present whether phosphorylacontaining the Cdc53-related protein Cul2, the von Hiption is also required in the Sic1 ubiquitination step folpel-Lindau (VHL) tumor suppressor protein, and elongin lowing binding. Although Cln/Cdc28 appears to play the B (Pause et al., 1997; W. Kaelin, personal communicaprimary role in vivo in initiating Sic1 ubiquitination, we tion). Elongin A, which is also found in association with have also observed that Clb5/Cdc28-phosphorylated elongin C (Aso et al., 1996) , contains an F-box (Bai et Sic1 can be ubiquitinated ( Figure 3E ). The initial generaal., 1996) . Whether elongin C functions in a ubiquitination tion of Clb5/Cdc28 activity at the G1/S transition could pathway or serves an alternative function is unclear at potentially accelerate Sic1 destruction, facilitating the present. Interestingly, elongin B is related to ubiquitin sharp and unidirectional change of state characteristic and may replace ubiquitin in this pathway. of cell cycle transitions.
Some aspects of the SCF pathway may have parallels While phosphorylation is an effective method controlwith another ubiquitination pathway, the APC. Recent ling the timing of substrate recognition and ubiquitinadata indicates that a Cdc53-related protein is part of tion, it is not necessarily the case that all F-box proteins the APC in Xenopus (H. Yu and M. Kirschner, personal will selectively recognize phosphorylated substrates. communication) and in yeast (K. Nasmyth, personal WD-40 and LRR containing F-box proteins can recogcommunication). Given our observations, it is likely to nize phosphorylated substrates, but approximately half be recruiting E2 proteins into the APC. In a further paralof the known F-box proteins do not have obvious protein lel, the WD-40-containing proteins Cdc20 and Cdh1/ interaction motifs (Bai et al., 1996) . Whether these proHct1 appear to function in recognition of APC ubiquitinateins will target phosphorylated substrates or even be tion targets and therefore are likely to act as counterinvolved in ubiquitination is unknown. In principle, it is parts to Cdc4. (Schwab et al., 1997; Visintin et al., 1997) . possible that any protein that associates with the SCF Presumably, there will be a function analogous to Skp1 could be a ubiquitination target and ubiquitination timing that links the specificity factors to the Cdc53-related could be controlled by non-phosphorylation-dependent factors. That WD-40-repeat proteins are employed in mechanisms such as controlled accessibility of subboth settings raises the possibility that the APC might strates or regulated expression, localization, or modifialso use protein phosphorylation in some capacity to cation of the F-box protein. While the abundance of regulate timing of substrate ubiquitination. Cdc4 is not cell cycle-regulated, the SKP2 mRNA abundance is cell cycle-regulated and peaks in S phase, consistent with its association with cyclin A during that How the SCF Allows Protein Kinases to Control Protein Abundance phase of the cycle (Zhang et al., 1995) . In vivo, association of Grr1 and Skp1 is enhanced by glucose in a postThe SCF complexes described here provide one example of a pathway through which protein kinases control translational mechanism (Li and Johnston, 1997) . While this could be due to the presence of higher levels of Grr1-the stability of target proteins. Given the large number of protein kinases and possible SCFs, this pathway may dependent substrates driving association with Skp1, it could also indicate a distinct regulatory step controlling be second only to transcriptional regulation in the control of protein abundance. While the examples described Grr1 function and could explain our inability to observe Grr1-dependent Cln ubiquitination in vitro.
here concern the cell cycle, it is likely that this is a with the assistance of E1 and E2 proteins, the substrate is then released and destroyed by the proteasome. Other combinations of SCF complexes are likely to exist in the cell ( Figure 6B ). For example, the F-box protein Met30 is closely related Cdc4 and is required for repression of genes in the methionine biosynthetic pathway in the presence of S-adenosylmethionine (AdoMet) (Thomas et al., 1995) . Met30 forms complexes with Met4, a transcription factor required for methionine biosynthetic gene expression, and also associates with Skp1 and Cdc53 (E. Patton and M. T., unpublished data). Our model would predict that Met4 is ubiquitinated in response to adomethionine. Although our studies have focused on Cdc34, other E2s may also be capable of functioning in the context of SCFs. Furthermore, these SCF complexes work hand in hand with protein kinase signaling pathways to control protein abundance. An example of the tightly interwoven nature of these pathways is illustrated in Figure 6C , which illustrates how SCF pathways function multiple times in the transition from G1 to S phase in S. cerevisiae. Like protein synthesis, protein destruction is a fundamental mechanism organisms employ to manipulate their function. We have elucidated the composition of an E3 complex involved in selection of ubiquitination substrates. Because the constituents of this complex are members of protein families, it is likely to serve as the prototype for a large class of E3s formed by combinatorial interactions of related family members as indicated in Figure 6B . The identification of F-box proteins as the receptor components of this ubiquitin ligase should facilitate the identification of the key regulatory mole- Anti-Skp1 and anti-Sic1 were generated in rabbits using bacterial complex have been genetically linked to the process shown and Gst fusion proteins as antigen. Polyclonal rabbit anti-Cdc34 and remain hypothetical.
anti-Cdc4 sera (provided by M. Goebl) as well as anti-Sic1 were (C) The interplay between protein kinases and the SCF pathway in purified using nitrocellulose-bound antigens. Monoclonal antibodthe G1 to S-phase transition in S. cerevisiae. Perpendiculars indicate ies: anti-HA and anti-Myc (Babco), anti-T7 gene10 (referred to as inhibitory events. G10, Novagen), and anti-Flag (Kodak). Antibody detection was by ECL (Amersham).
general ubiquitination machine that can be used for di-
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verse regulatory needs. We envision the model shown Baculoviruses (Table 1) were generated using linearized BaculoGold in Figure 6A in which a protein kinase phosphorylates or AcMNPV wild-type DNA (Pharmingen). Cdc4⌬WD is a mutant version of Cdc4 that contains a stop codon at residue 566 that target proteins, thus activating them for association with removes the last three WD-40 repeats. Gst-Cdc28 HA (D154N), retheir F-box protein receptors. Although some F-box proferred to as Gst-Cdc28 HA (KϪ), is a kinase-impaired form of Cdc28.
teins may already be associated with a Skp1/Cdc53
His6-Cdc34 and His6-Sic1 (in pET vectors, Novagen) were expressed complex prior to association with substrates, as shown in E. coli (BL21 DE3) and purified on Ni
ϩ2
-NTA (Qiagen) resin as in Figure 6A , it is also possible that F-box proteins exist suggested by the manufacturer.
in an unbound form, and that association of the F-box hance association with Skp1. Once the ubiquitination ml of cell lysate was incubated at 4ЊC for 2 hr with 4 g of the antiMyc or anti-G10 antibody and 8 l of protein A-Sepharose, or with complex is formed and polyubiquitination takes place 
